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A BSTRA CT: The polymorphic hemoglobins of 233 Atlantic Croaker, Micropogon 
undulatus were characterized by native PAGE, which resolved seven phenotypes. Morph 
A comprised 50% of the sample while no other morph exceeded a frequency of 25%. 
A holding study to assess the stability of the phenotypes over time revealed changes in 
3 of 26 individuals, two of which changed from morph B to morph A and one which 
changed from morph A to morph B. The oxygen binding of both dialyzed hemoglobins 
and RBCs was tested for 6 of the 7 morphs over a pH range of 6.8 to 8.2 at 20°C. The 
pH dependence of 0 2 affinity of the hemoglobins clearly showed a biphasic relationship, 
with critical points dividing the data into upper and lower pH ranges. Over the entire pH 
range of hemoglobin oxygen affinity only morph A and B differed significantly. No 
differences in 0 2 binding were detected in the RBCs of these two morphs. RBC oxygen 
affinity at 20°C and 15°C indicates significant differences of morph E from all other 
morphs. The electrophoretic banding pattern of morph E is quite different from all other 
morphs.
Functional characterization of the electrophoretic hemoglobin 
polymorphism in the Atlantic Croaker (Micropogon undulatus)
INTRODUCTION
Among the many species of vertebrates with multiple native oligomeric 
hemoglobins (Hbs), the bony fishes are especially notable in that a species may have up 
to 25 different Hbs (Riggs, 1970). Along with the very large number of Hbs, some 
species of fishes are also highly polymorphic (Sick, 1961; Wilkins & lies, 1966; Fyhn & 
Sullivan, 1973; Bonaventura et al.. 1975; Fyhn & Sullivan, 1975; Fyhn et al., 1979; 
Braman et al., 1980; Fyhn & Withler, 1991a,b). Ingermann (1991) suggests that the 
widespread distribution of multiplicity and polymorphism may imply some physiological 
advantage. Several authors (Stratton & Duffy, 1976; Reischl, 1977; Perez & Rylander, 
1985; Ingermann, 1991) have also suggested that Hb multiplicity and polymorphism could 
represent genetic adaptation to variable environments and that different isoforms may 
function better than others under different circumstances.
The idea that individual components of a multiple Hbs system function differently 
is consistent with the adaptionist argument. However, structural multiplicity within a 
species may (Brunori, 1975) or may not (Mied & Powers, 1978) be accompanied by 
functional multiplicity of respiratory properties. In addition, several investigators have 
argued that environmental tolerance may be unrelated to multiple Hb systems (Houston, 
1980; Perez & Rylander, 1985). Attempts to correlate the presence of multiple Hbs with 
environmental conditions have proved inconclusive at best (Mied & Powers, 1978; Fyhn 
et al.. 1979; Houston, 1980; Perez & Rylander, 1985; Ingermann, 1991).
Some fish species with multiple hemoglobin systems are monomorphic for the
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trait, Le^ all individuals of the species contain all of the multiple components 
(Bonaventura et al., 1975). Others are polymorphic with respect to their hemoglobin, 
which means that structural variation between individuals, either qualitative, quantitative 
or both, can be detected in electrophoretic banding patterns of native hemoglobin 
oligomers (Bonaventura et al., 1975).
Polymorphism could provide a mechanism of respiratory adaptation of different 
individuals to different environments. However, little work has been done on the 
functional properties of polymorphic Hbs (Bonaventura et al., 1975). And, little work on 
polymorphic Hbs has been conducted since the mid to late 1970s. Information regarding 
the oxygen binding of individual morphs is necessary in any attempt to test the hypothesis 
that hemoglobin polymorphism may have adaptive significance (Wilkins & lies, 1966).
The present investigation was initiated to characterize a hemoglobin polymorphism 
quantitatively and to assess the functional properties of different hemoglobin morphs in 
a polymorphic species. The Atlantic croaker, Micropogon undulatus (Linnaeus; 
Teleostomi, family Sciaenidae), was chosen as the study animal. In preliminary studies, 
Bonaventura et al. (1975) identified as few as five to as many as ten Hbs in individuals 
of this species from waters near Beaufort North Carolina. However, no information on 
morph frequency or banding patterns was reported. Ross and Sullivan (1984) investigated 
the hemoglobin polymorphism in this species more extensively, identifying six 
electrophoretic morphs in animals caught near Beaufort, North Carolina. Once again, no 
experiments on function were performed and the banding patterns were not reported.
In the present investigation, large samples of animals were obtained in each of two
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different years, and the number and frequency of native hemoglobin oligomers was 
characterized by polyacrylamide gel electrophoresis (PAGE). Paired observations on the 
same individuals were made before and after prolonged holding in the laboratory to 
determine the stability of the phenotype, and the 0 2 binding properties of each morph 
were examined both as extracted Hbs and intact red blood cells (RBCs).
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MATERIALS AND METHODS
Collection and Care of Animals:
One hundred and fifty specimens were collected by otter trawl during the summer 
months of 1992, and eighty-three specimens were collected during the summer months 
of 1993 (Appendix I). The animals ranged from 16.0 to 26.5 cm in total length, with 
a mean of 20.5 cm. Most of the fish were placed in rapidly running seawater tanks and 
sampled within 24 hours of capture. All animals were anesthetized with MS 222, until 
immobile, and blood was taken into a hepararinized hypodermic syringe by puncture of 
a caudal vessel. In one experiment, 26 individuals were tagged and sampled at least 3 
times from August 1992 to December 1992. These animals were held in running 
seawater for the entire time, during which the temperature dropped from 26°C to 8°C, 
salinity fluctuated from 19 to 22%o , pH remained relatively constant at 7.8, and P 0 2 
increased slightly from 147 to 149 torr. For 0 2 binding measurements, which were 
conducted in 1993, 83 animals were caught (Appendix I), tagged and held, 10 individuals 
per tank, in 30 gallon recirculating, vigorously aerated, seawater systems for up to 12 
weeks at 20°C and 21%c salinity. Bleeding procedures were identical.
Electrophoresis:
All blood samples were spun in a microcentrifuge briefly (5-10 seconds) at high 
speeds (~13,000g) to separate RBCs from plasma. Most samples from 1992 were frozen 
prior to PAGE; however, all samples from 1993 were analyzed within a few hours of
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sampling. RBCs from an aliquot of each frozen sample were thawed and lysed in an 
equal volume of cold distilled H20 , and Hb concentration was measured with the 
cyanmethemoglobin method (Sigma Technical Bulletin No. 525). All samples were 
diluted to 5 ug ul'1 Hb (= 0.31 mmol I'1 heme) with 0.05 mol I 1 Tris HC1 + 0.04 mol I*1 
EDTA (pH 7.4). Initially, samples were dialyzed overnight at 4°C (Spectrapor 2, 12,000- 
14,000 molecular weight cut off) against the dilution buffer and compared with identical 
non-dialyzed samples. Dialysis did not improve the electrophoretic separation and was 
subsequendy abandoned. Each sample was bubbled with carbon monoxide and non­
dissociating PAGE, using 5% acrylamide gels, was performed at constant current, 20 ma 
per gel, using the buffers in the rados specified by Hames and Rickwood (1985). Most 
gels were stained with Coomassie Blue (Hames and Rickwood, 1985) alone. However, 
the presence of heme in the Coomassie Blue positive bands was ascertained in examples 
of all morphs by staining with 0.5 mg ml*1 3,3,5,5-tetramethyl benzidine (Oser, 1965; 
Tietz, 1970; Gillen and Riggs, 1973; Fyhn and Sullivan, 1974; Fyhn and Withler, 1991).
Oxygen Binding:
Oxygen equilibrium curves on both dialyzed Hb and RBCs, using fresh (never 
frozen) samples collected in 1993, were determined with the non-opdcal cell respiration 
method (Mangum & Lykkeboe, 1979). The measurements were carried out immediately 
after sampling. For experiments on dialyzed Hb, RBCs were washed three times in 40% 
cold, filtered seawater and lysed with 0.05 mol I*1 Tris-Maleate (pH 7.5) for 15 minutes 
on ice. The dialyzed Hbs were centrifuged and, if available, the supernatants from several
6
individuals expressing the same morph were pooled. In the case of morphs D and E, 
material from a single individual was examined, and morph F is represented by only two 
individuals. Morph G was not found in 1993, thus no measurements could be made. The 
hemolysate was then dialyzed for 24 hours against 0.05 mol l '1 Tris-Maleate + 1 0 0  mmol 
I'1 KC1 + 5 mmol I*1 EDTA (pH 7.5, 4°C) prior to measurements.
For experiments on RBCs, material from several individuals were pooled, except 
for morphs D, E, and F, which are represented by a single individual each. The RBCs 
were centrifuged and washed in an equal volume of 40% cold filtered seawater (31%o). 
A 0.05 mol I'1 Tris-Maleate buffered physiological saline, modified from Scholnick and 
Mangum (1991), was used to suspend the RBCs at different pHs.
Statistical and Graphical Analysis:
The frequencies of both morphs and the number of bands per individual in the 
total sample were analyzed by X2 goodness of fit contingency tables using the Systat 
for Windows, Version 5 (1992) software.
The Bohr plots of the 0 2 affinity data appeared to be biphasic. The iterative line 
fitting program by Yeager and Ultsch (1988) indicated that the data was best fit by two 
regression lines, and also provided the critical/break points of the biphasic data set. 
Regression lines describing each of the two sets were analyzed by ANCOVA, using 
Systat, which first tests the slopes for homogeneity prior to conducting the ANCOVA. 
Further analysis was conducted by comparing the 95% confidence intervals around the 
regression lines above and below each critical point for Hbs, and over the entire pH range
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in RBCs. Analysis by comparison of the 95% confidence intervals can reveal differences 
over a portion of a pH range which cannot be detected by ANCOVA. Differences in the 
Bohr effect were noted from the 95% confidence intervals around the slopes of the 
regression lines. Cooperativity was estimated from slopes of Hill plots in the range of 
30% to 70% oxygenation. Differences in cooperativity were analyzed by ANOVA and 
Scheffe’s multiple comparison test using Systat for Windows.
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RESULTS
Electrophoresis
PAGE of native Hbs revealed seven phenotypes among the 233 individuals 
examined. The phenotypes consisted of a minimum of two to a maximum of eight bands 
(Fig. 1). However, a total of ten bands were found. No visual variation in band densities 
between individuals with the same phenotype was observed. Some phenotypes possessed 
additional bands that stained faintly, at low intensity, with Coomassie Blue but did not 
stain with benzidine, and are not represented in Figure 1. Variation at any one position 
was neither clearly nor simply coupled to that at any other. Thus it appears that each 
band varied independently of all others.
Once phenotypes were identified, aliquots from single blood samples of each 
phenotype were analyzed by PAGE at least twice in all cases and up to 15 times in 
frequent morphs such as A and B, to assess stability over time. The electrophoretic 
separation was highly and accurately repeatable. Aliquots of individual samples which 
were frozen (in some cases over 2 months), and then thawed for analysis by 
electrophoresis showed no changes in banding pattern. In some cases, samples were 
repeatedly (2 to 3 times) frozen, thawed and analyzed by electrophoresis; again no 
differences in banding pattern were observed. Despite the differences in pre-treatment 
(viz. washing repeatedly or not, and freezing or not) no difference was observed in the 
number of morphs detected or in the banding patterns between the two years. When the 
data for the two years were compared in a contingency table, no significance was found
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for morph frequency, (Likelihood Chi-Squared Ratio P=0.770), or band frequency 
(P=0.989), thus, the data from the two years are combined in Figure 2.
Morph A was the most frequent phenotype, with morphs B and C present as fairly 
frequent minority phenotypes, and morphs D through G found infrequently (Fig. 2A). 
Band 3 was present in all individuals while bands 4 and 10 were present in all morphs 
except F. Bands 5, 8, and 9 were present in almost all individuals, band 2 was present 
in only two morphs and bands 1 and 7 were present in only one morph each (Fig 1 and 
Fig. 2B).
Oxygen Binding
1. Replication
This investigation was designed to compare the respiratory properties of a set of 
Hbs that expressed one electrophoretic phenotype with a set that expressed another 
electrophoretic phenotype. Whenever possible, material from several individuals 
expressing the same phenotype was pooled to provide a volume large enough to be 
examined over a wide pH range. Pooling was possible for the Hbs of morphs A, B, C, 
and F, while pooling was possible for the RBCs of morphs A, B, and C. In addition, 3 
different pools from different individuals for the most frequent morphs (A, B, and C) 
were examined. Regression analysis of data describing different pools for the same 
morphs indicated a high degree of homogeneity, which was also reflected in the 
coefficients of determination (r2) when all data for a morph are combined. Data for 
comparisons of pools is represented in appendix II, Table A. Furthermore, the oxygen
10
binding data for the infrequent morphs (D, E, and F) was obtained only after analysis of 
the frequent morphs to reduce the possibility of errors in technique.
Estimates of cooperativity were also verified for internal consistency by ANOVA. 
Analysis revealed that the data for all pools for a particular morph were homogeneous, 
except in those for morph B Hbs low pH range. The cooperativity of morph B Hbs at 
the low pH range was compared with all other morphs, but the results of this comparison 
are regarded as tentative (Appendix n, Table B)
2. Dialyzed Hbs
The Bohr plots (log P50 vs. pH) for the dialyzed Hbs clearly showed a biphasic 
relationship between 0 2 affinity and pH, with pH dependence greater in the low end of 
the range investigated. The critical points, the pH values at which the slope changes, 
occurred in the pH range 7.35 - 7.76 (Fig. 3). Without exception, the coefficients of 
determination (r2) for regression lines fit to the data were highly significant (p c.Ol), 
reflecting the small variation within each data set. ANCOVA indicated that the slopes 
of regressions describing data for the lower pH range were not homogeneous (Table 1). 
However, the slopes for the upper pH range were not significantly different (Table 1). 
Regression analysis of the data in the lower pH ranges showed some variation between 
morphs. Morph A differed from morph B over the entire lower pH range and differed 
from morph C in a portion of the range. However, morph A was not significantly 
different from morphs D, E, or F in any portion of the lower pH range. No other 
differences between morphs were detected at low pH (Table 4).
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Regression analysis of the 0 2 affinity data in the upper pH ranges revealed a high 
degree of variation between the morphs. Several morphs differed significantly throughout 
the upper pH range, viz. F vs. all other morphs. Two pairs did not differ at all 
throughout the upper pH range, viz. A vs. C and B vs. D. All others differed in only a 
portion of the upper pH range. Since the slopes of Bohr plots in the upper pH range were 
homogeneous and the ANCOVA found significant differences, Scheffe’s multiple 
comparison test was used to determine which sets of data differed from one another 
(Table 2). These results indicated that the data for morph B were significantly different 
from those for morphs A, C and F; morph E was significantly different from morphs A 
and C; morph F was significantly different from morphs A, B, and C. No difference 
between morph F and morph B was seen by regression analysis, otherwise the results of 
the two analyses essentially agree.
The overlap of 95% confidence intervals around the slopes of the regression lines 
revealed that the Bohr effect in morph B was significantly different from that in morphs 
E and F in the upper pH range, and that the Bohr effect in morph A significantly differed 
from morph C in the lower pH range (Table 3). No other differences were observed.
Estimates of cooperativity in the upper and lower pH ranges (Table 3) were tested 
for significance by ANOVA. The cooperativity in the upper pH ranges was uniformly 
homogeneous in all morphs. Significant differences were found in the lower pH ranges 
(Scheffe’s multiple comparison post hoc test), viz. morph E vs. C and D.
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3. RBCs
RBC 0 2 affinity was so low in this species that accurate estimates could not be 
obtained much below pH 7.3 at 20°C (Fig. 4). An attempt was made to obtain these data 
by lowering the temperature to 15°C (Fig. 4). However, the increase in 0 2 affinity was 
not great enough to extend the pH range appreciably. A single measurement at 10°C 
failed to extend the range and no further decrease in temperature was attempted.
Coefficients of determination for regression lines fit to these data were also highly 
significant (P< .001) without exception. Regression lines describing the Bohr plots at 
both temperatures were also analyzed by ANCOVA (Table 1). In both cases significant 
heterogeneity was found among the slopes. Regression analysis of the data for RBCs at 
20° revealed that morph A was significantly different from morphs B, D, E, and F (but 
not from morph C) over a portion of its pH range. Morph B was significantly different 
from morphs E and F over portions of the pH range; however, it was not different from 
morphs C and D. Morph C was the least distinctive, differing only from morph E, and 
only in a portion of its pH range. Morph E was the most distinctive, differing from all 
other morphs in at least a portion o f its pH range. Morph D was significantly different 
from morphs A, E, and F in a part of its pH range, but it did not differ from morphs B 
or C. Finally, morph F differed from all morphs except C in a portion of its pH range 
(Table 4).
Bohr plots for RBCs at 15°C also showed significant differences; however, the 
differences were not the same as at 20°C (Table 4). Morph A differed from morph E 
over a small portion of its pH range. Morph B differed from morph E over most of its
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pH range, but not from A, C and F. Morph C differed significantly from morphs D and 
F, as well as E, over portions of its range. Morph D was significantly different from C, 
as well as E, over portions of its range, but did not differ from morphs A, B or F. Morph 
E differed from all other morphs over a portion of its pH range, and morph F differed 
from C over a portion of its range, but did not differ from A, B, or D (Table 4).
Analysis of the Bohr effect for RBCs revealed that morph E was significantly 
different from morphs A, B, D and F at 20°C and that there were no differences at 15°C 
(Table 3). At 15°C no significant differences were found between the values for 
cooperativity in the various morphs (ANOVA, P=0.475). However, significant differences 
existed at 20°C (ANOVA, P=0.041). Morphs B and C differed significantly (Scheffe’s 
multiple comparison test); no other differences were found.
Effect of Holding in the Laboratory:
Twenty-six fish were kept in running seawater in the laboratory from August 1992 
to December 1992. The electrophoretic banding pattern of three fish (11.5%) changed. 
In two individuals, phenotype B changed to phenotype A after 47-49 days. In one 
individual, phenotype A changed to phenotype B after 49 days. Specifically, there was 
a quantitative change in bands three and ten (Fig. 1), and a qualitative gain or loss of 
band 8. One fish, which changed during 47 days in the laboratory, was held from mid 
September 1992 to the end of October 1992; it experienced a drop in ambient temperature 
from 25°C to 15.5°C and an essentially constant oxygen partial pressure of 158 to 159 
Torr. Salinity and pH remained constant at 21%o and 7.8 respectively. Both fish kept for
14
49 days were held from November to late December 1992; during this period they 
experienced a drop in ambient temperature from 15.5°C to 9.5°C and a variable P 0 2 from 
126 to 152 Torr. Salinity and pH remained essentially constant at 21%o and 7.9 
respectively.
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Table 1
Results of ANCOVA Test for Homogeneity of Slopes of Regression 
Lines Describing 5^0 as a function of pH.
Effect Preparation pH Range Temp.
(°C)
P
Morph Hb Low 20 0.032
Hb High 20 0.087
RBC 20 0.000
RBC 15 0.010
pH Hb Low 20 0.000
Hb High 20 0.000
RBC 20 0.000
RBC 15 0.000
pH and Morph Hb Low 20 0.030
Hb High 20 0.093
RBC 20 0.000
RBC 15 0.005
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Table 2
Results of Scheffe Multiple Comparison Test of Differences 
Between 0 2 Affinities of Hbs in Upper pH Range 
(Numbers in cells represent probabilities)
Morph A B C D E F
A 1.000 - - - - -
B 0.056 1.000 - - - -
C 1.000 0.030 1.000 - - -
D 0.672 1.000 0.640 1.000 - -
E 0.037 0.903 0.023 0.937 1.000 -
F 0.000 0.007 0.000 0.128 0.467 1.000
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Table 3
Bohr Factors, Correlation Coefficients, and 
Estimates of Cooperativity and for Hbs and RBCs.
Morph pH Temp. Alog P 5</ a  pH r2 n 50
(°C) (± 95% Cl) (Mean±S.E.)
A
Hbs <7.45 20 1.08± 0.08 0.99 2.10±.05
Hbs >7.45 20 0.28± 0.11 0.84 1.94±.07
RBCs 20 0.62± 0.12 0.89 1.60±.06
RBCs 15 0.65± 0.30 0.94 1.59±.07
5
Hbs <7.45 20 1.01± 0.11 0.96 1.97±.03
Hbs >7.45 20 0.36± 0.08 0.86 1.76±.03
RBCs 20 0.33± 0.19 0.96 1.60±.10
RBCs 15 0.61± 0.10 0.96 1.50±.10
Hbs <7.66 20 0.97± 0.09 0.98 2.11±.04
Hbs >7.66 20 0.19± 0.10 0.60 1.79±.06
RBCs 20 0.60± 0.39 0.96 1.62±.08
RBCs
\
15 0.75± 0.13 0.99 1.58±.10
i
Hbs <7.60 20 1.03± 0.42 0.98 1.88±.04
Hbs >7.60 20 0.29± 0.49 1.00 1.69±.ll
RBCs 20 0.46± 0.13 0.94 1.78±.09
RBCs 15 0.34± 0.35 0.76 1.68±.10
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Table 3 (Continued)
Morph pH Temp. Alog P5©/a pH r2 n 50
(°C) (± 95% Cl) (Mean±S.E.)
1
Hbs <7.46 20 0.91± 0.28 0.97 1.87±.04
Hbs >7.46 20 0.15± 0.07 0.98 1.76±.12
RBCs 20 0.90± 0.13 0.99 1.81±.08
RBCs
i
15 0.79± 0.20 0.97 1.74±.10
Hbs <7.52 20 1.17± 0.34 0.98 1.90±.04
Hbs >7.52 20 0.20± 0.05 0.94 1.72±.04
RBCs 20 0.64± 0.06 0.99 1.63±.09
RBCs 15 0.58± 0.21 0.91 1.69±.09
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Table 4
pH ranges in which P50 values differ at p < 0.05
Morph
Morph Preparation A B C D E
B Hbs, High pH 1.6-1.1
Hbs, Low pH 6.8-7.4 - - - -
RBCs, 20°C 1.S-S.2
RBCs, 15°C ns
C Hbs, High pH ns 7.5-7.8
Hbs, Low pH 7.1-7.6 ns - -
RBCs, 20°C ns ns
RBCs, 15°C ns ns
D Hbs, High pH 1.1-1.9 ns 1.6-1.9
Hbs, Low pH ns ns ns - -
RBCs, 20°C 7.6-8.1 ns ns
RBCs, 15°C ns ns 7.9-8.1
E Hbs, High pH 7.9-8.2 8.0-8.2 7.8-8.1 8.0-8.2
Hbs, Low pH ns ns ns ns -
RBCs, 20°C 7.8-8.1 7.7-8.2 7.6-8.1 7.5-8.1
RBCs, 15°C 7.8-7.9 7.4-8.1 7.4-8.1 7.6-8.1
F Hbs, High pH 7.5-8.2 7.6-8.2 7.S-8.2 7.5-8.2 7.5-8.1
Hbs, Low pH ns ns ns ns ns
RBCs, 20°C 7.5-7.8 8.0-8.2 ns 7.8-8.1 7.6-8.2
RBCs, 15°C ns ns ns ns 7.5-8.1
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Figure 1: Top: Photographic representation of the seven phenotypes. Each 
morph is represented by two lanes loaded with high and low (5 and 1 
ug ill'1 heme) Hb concentrations. The representation is a composite of 
4 gels. Morph A, which was present on each gel, is pictured as a 
control. The Coomassie blue positvie material which is not represented 
in the diagram below was not heme positive. The anode is at the 
bottom.
Bottom: Diagrammatic representation of the seven phenotypes 
and their banding patterns. The height of bands in the schematic 
diagram represents relative intensities.
Numbers represent electrophoretic bands and letters represent 
phenotypes
21
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Figure 2: A. The frequency of each morph in the total sample (n=233). B. The
frequency of each band in the total sample (n=233).
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Figure 3: The effect of pH on oxygen affinity and cooperativity of dialyzed Hbs
and RBCs at 20°C. The letter in each panel represents the morph. 
Squares and open triangles show Hb data. No. individuals represented 
in each pool: Morph A □  n=3, a  n=8, ■  n=5; Morph B □  n = ll ,  
a  n=5, ■  n=5; Morph C □  n=6, a  n=3, ■  n=6; Morph D □  n= l; 
Morph E □  n=l; Morph F □  n=2. Dialyzed Hbs were diluted to 15 ug 
ul'1 (0.93 mmol I*1 heme) with 0.05 mol I"1 Tris-Maleate + 100 mmol I*1 
KC1. Circles show RBC data. No. individuals represented in each 
pool: Morph A •  n=3, O  n=4; Morph B •  n=5; Morph C •  n=3; 
Morph D •  n=l; Morph E #  n= l; Morph F 0  n= l. RBCs were 
suspended in 0.05 mol I 1 Tris-Maleate buffered saline consisting of 
265 mmol I*1 NaCl, 5.6 mmol I'1 KC1, 4.9 mmol I'1 CaCl, 12.3 mmol 
I'1 MgCl2, 2.52 mmol I 1 N a ^ ,  and 3.4 mmol I'1 NaHCQ3.
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Figure 4: The effect of pH on oxygen affinity and cooperativity of RBCs at 15°C
(closed circles) and at 10°C (open circles in panel A). No. individuals 
represented and buffered saline as in Fig. 3. The letter in each panel 
represents the morph.
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Figure 4
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DISCUSSION
In 1975 Bonaventura et al. summarized unpublished electrophoretic data for native 
Hbs of more than 53 species of fish from waters off Beaufort, North Carolina. Most 
species had from two to six Hbs. Data from 37 species in which 10 or more individuals 
were sampled indicated that 11 were clearly polymorphic. Their sample sizes were not 
large enough to permit characterization of the polymorphisms, and the banding patterns 
did not elucidate the inheritance. Bonaventura et al. (1975) initially identified 4 
phenotypes in M. undulatus, but later found two more (Bonaventura, pers. comm.). Of 
the 6 phenotypes, only 2 resemble phenotypes encountered in the present study (A and 
F). Interestingly, only morph A occurred at high frequency in the present study. The 
likelihood that infrequent morphs would be represented in Bonaventura et al’s. (1975) 
small sample is not great, and the possibility of quantitative differences between North 
Carolina and Virginia populations should be examined.
Ross and Sullivan (1987) also resolved 6 Hb phenotypes in Croaker from waters 
off Beaufort, North Carolina. Only two phenotypes resemble morphs (C and F) found 
in the present study (Ross, pers. comm.). Only heme-positive bands were reported in the 
present study, whereas both of the previous investigations identified all Coomassie Blue 
positive material. Furthermore, only morph F appears to be shared by Bonaventura’s 
(Bonaventura, pers. comm.) and Ross and Sullivan’s (1987) studies. The apparent 
differences between phenotypes found in the present study and phenotypes from both 
investigations of North Carolina animals raises two interesting possibilities. First, many
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of the phenotypes found in North Carolina may not exist in the population sampled in the 
present investigation or, second, more phenotypic similarities between the two localities 
might be noted if only heme-positive bands were scored in both cases. The present 
information, however, does not permit a decision between the two possibilities.
The present data not only confirm and characterize the electrophoretic 
polymorphism reported earlier, they also show that it occurs at the level of intrinsic 0 2 
binding of Hbs stripped of organic co-factors, as well as at the level of RBC 0 2 binding. 
The greatest difference in intrinsic 0 2 affinity is that between morphs A and B, which 
differed over most of the pH range investigated. Additional differences between purified 
Hbs are significant only in the upper pH range. The present data also indicate that the 
different morphs do not differ functionally in about half of the comparisons. Experiments 
by Bonaventura et al. (1975; J. Bonaventura, pers. comm.) on 3 of the 4 electrophoretic 
morphs originally identified indicated no difference in cooperativity (1.6 for all morphs 
analyzed) and only slight differences of P50 values at pH 7.5 and 20°C. Thus, it is not 
surprising that J. Bonaventura (1975) did not find differences in 0 2 affinity between 
purified Hbs of 3 morphs at a single pH measurement (7.5).
A biphasic response of teleost Hbs appears to be common (Gillen & Riggs, 
1973a,b; Lykkeboe & Johansen, 1975; Wood et al., 1979; Martin et al., 1979; Galdames- 
Portus et al.. 1979; Brunori et al., 1979; Giles & Randall, 1980). However, 0 2 binding 
data is seldom analyzed by regression analysis as in this study. At this time no clear 
explanation of this phenomenon exits.
The magnitude of electrophoretic differences between morphs might be expected
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to be correlated with functional differences, but no clear correlation could be found 
between electrophoretic differences and functional differences in either Hbs or RBCs. 
Careful inspection of morphs A and B shows that the two morphs are qualitatively similar 
except for band 8 and quantitatively similar except for bands 3 and 10. Yet these two 
morphs are significantly different with respect to intrinsic Hb 0 2 affinity. On the other 
hand, RBCs also show functional differences in 0 2 affinity between morph E and morphs 
B, C, D, and F at both experimental temperatures. Electrophoretically, morph E is quite 
different from morphs B, C, D and F.
Of 26 fish kept in captivity for several months, the Hbs of three individuals 
changed electrophoretic phenotype. Changes in phenotypic expression were found only 
in those fish held in 1992, where animals experienced a large decrease in temperature 
(26°C to 8°C). In 1993 the fish were held for a longer period at constant temperature. 
No changes in phenotypic expression were observed. It is interesting to note that the 
changes in phenotype occurred when the temperature decreased. W eber et al. (1976) 
reported that fish acclimated to different temperatures exhibit differences in the relative 
concentrations of individual Hb components. However, the bidirectionality of the change 
in the present results undermines a simple correlation with temperature. It is possible that 
morphs A and B represent labile versions of a single phenotype, but the stability of these 
two banding patterns upon repeated thawing and refreezing of samples suggests otherwise. 
Nonetheless, the very fact that a few changes were found suggests that the phenotype is 
not necessarily genetically fixed and that some plasticity can occur. Clearly, further 
investigation is warranted.
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Attempts to construct an underlying genetic explanation of polymorphic Hbs have 
often been unsuccessful, for several reasons (Bonaventura et al., 1975). First, the Hbs 
have generally been characterized as intact tetramers rather than individual polypeptides. 
Second, transmission genetic studies in fishes are time consuming, and therefore rare. 
Finally, the available information suggests that a fish hemoglobin tetramer can be 
composed of 3 or 4 different polypeptide subunits (Ronald & Tsuyuki, 1971; Bonaventura 
et al., 1975; Wilhelm & Weber, 1983; Ingermann, 1991; Masala et al. 1992). Fyhn and 
W ithler (199la,b) constructed a simple mendelian model on the basis of Hardy-Weinberg 
gene frequencies for the polymorphic Hbs of the chinook salmon Onchorvnchus 
tshawtvscha. However, no variation of Hb patterns could be correlated with environmental 
factors.
In the present investigation some morphs, both as dialyzed Hbs and RBCs, 
possessed identifiable functional differences in oxygen binding. However, functional 
differences were not found between all phenotypes. Moreover, the morphs that differed 
were not the same when dialyzed Hbs and RBCs were compared, which is not entirely 
surprising. The different responses of dialyzed Hbs and RBCs may be due to different 
levels of co-factors within the RBCs, to intrinsically different co-factor sensitivities of the 
Hbs, or both. The present results identify the frequent and less frequent electrophoretic 
phenotypes of the Hbs of R  undulatus. They also demonstrate that electrophoretic 
differences can be accompanied by functional differences.
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Appendix I
Date # Caught
Collection Data 
Morphs Temp.
<°C)
Source
06-17-92 17 A, B, C, D n/a Trawl Survey
06-18-92 26 A, B, C, D, G n/a Trawl Survey
06-28-92 25 A, B, D, F n/a Chris Williams
07-02-92 40 A, B, C, D, E ,F 23 Trawl Survey
08-05-92 21 A, B, C, D, F 27 Trawl Survey
10-30-92 13 A, B, C, D n/a Chris Williams
11-24-92 8 A, C n/a Chris Williams
05-27-93 21 A, B, C, D n/a Trawl Survey
06-09-93 19 A, B, C, F 18 Trawl Survey
06-17-93 43 A, B, C, D, E n/a Trawl Survey
Total 233
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Appendix II
Replication of oxygen binding and estimates of cooperativity 
in different pools of Hbs and RBCs.
For 0 2 affinity, the number of observations made on a pool at low pH ranges from 
4 to 5, and the slopes of regression lines fit to the data are large. As a result, 95% 
confidence intervals around the regression lines are not extremely great, and their overlap 
in the three possible comparisons for morphs A, B, and C supports a reasonable inference 
that the data for each are homogeneous. The same inference can be made for the high 
pH data obtained for morph B. However, as few as two or three observations were made 
at high pH on several pools representing morphs A and C, and this comparison would be 
either impossible or unconvincing and is not represented in Table A. Therefore, the data 
were compared as follows: For morph A, the values predicted by regression analysis for 
pool 2 are quite similar to and lie well within the 95% confidence interval for pool 1. 
When those two data sets are combined and then described by a single regression line, 
the two values for pool 3 lie well within its 95% confidence interval. For morph C, the 
95% confidence intervals around the regression line fit to the high pH data for pool 3 
(n=7) encompass the predicted values for each of the other two pools (n=3). However, 
when the data for pool 3 are combined with those for pool 2, a more similar pair than 
pools 3 and 1, the 95% confidence interval around a regression line describing the 
combined data set at high pH does not encompass all of the predicted values for pool 1. 
This relationship suggests that the high pH data for morph C may be less homogeneous, 
and that the comparison of them with those for other morphs may be less reliable 
(Appendix D, Table A).
34
The RBC 0 2 affinity data were obtained from a single pool of material 
representing each morph, except morph A. The overlap of 95% confidence intervals 
describing data for each pool from morph A is considerable (Appendix II, Table A).
Estimates of cooperativity for pooled material were also tested for verification of 
internal consistency by ANOVA. In all cases except the lower pH range of morph B Hbs 
the estimates of cooperativity proved to be homogeneous (Appendix II, Table B). The 
heterogeneity of data for morph B Hbs, low pH range, does not affect the interpretation 
of oxygen binding data in general. Thus, the cooperativity for morph B Hbs low pH range 
was compared with the other morphs, but negative conclusions reached from the 
comparison must be regarded as tenative.
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Table A
Regression analysis of data for different pools of Hbs and RBCs
in morphs A, B, and C.
Values predicted from 
Regression analysis
Morph Prep. Pool* pH n pH Log P50 95% Cl
Range
A Hbs !(□ ) Low - No observations made
High 4 7.45 0.49 0.41-0.57
7.6 0.44 0.36-0.51
7.8 0.37 0.29-0.44
8.0 0.30 0.21-0.38
Low 5 6.8 1.17 1.14-1.20
7.0 0.93 0.91-0.96
7.2 0.70 0.67-0.72
7.4 0.46 0.43-0.49
High 3 7.45 0.44 0.28-1.15
7.6 0.40 0.25-1.05
7.8 0.34 0.27-0.96
8.0 0.29 0.37-0.95
High 7 7.65 0.41 0.36-0.46
7.92 0.32 0.27-0.37
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Values predicted from
regression analysis
Morph Prep. Pool* pH n pH Log P50 95% Cl
Range
3(A) High 2 7.65 0.30 no data
7.92 0.41 no data
! ( • ) Entire 7 7.2 1.39 1.27-1.52
7.4 1.29 1.19-1.39
7.6 1.19 1.10-1.27
7.8 1.08 0.99-1.17
8.0 0.99 0.86-1.10
2( 0 ) Entire 5 7.2 1.48 1.39-1.56
7.4 1.33 1.26-1.40
7.6 1.19 1.13-1.25
7.8 1.04 0.99-1.10
8.0 0.90 0.84-0.97
!(□ ) Low 5 6.8 1.26 1.11-1.40
7.0 1.03 0.91-1.15
7.2 0.81 0.68-0.93
7.4 0.58 0.44-0.72
7.5 0.52 0.39-0.65
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Values predicted from
regression analysis
Morph Prep. Pool* pH n pH Log P50 95% Cl
Range
High 5 7.7 0.45 0.34-0.56
7.9 0.38 0.26-0.49
8.1 0.30 0.17-0.43
Low 4 6.8 1.30 1.11-1.50
7.0 1.05 0.87-1.22
7.2 0.79 0.62-0.96
7.4 0.53 0.34-0.73
High 7 7.5 0.50 0.44-0.56
7.7 0.42 0.38-0.47
7.9 0.35 0.30-0.40
8.1 0.28 0.22-0.34
Low 4 6.8 1.22 0.91-1.54
7.0 0.99 0.71-1.27
7.2 0.76 0.48-1.04
7.4 0.53 0.20-0.86
High 6 7.5 0.50 0.39-0.61
7.7 0.43 0.35-0.52
7.9 0.37 0.28-0.45
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Values predicted from
regression analysis
Morph Prep. Pool* pH
Range
n pH Log P50 95%  C l
8.1 0.30 0.20-0.40
Low 5 6.8 1.17 1.11-1.24
7.0 1.00 0.95-1.05
7.2 0.82 0.78-0.87
7.4 0.65 0.59-0.70
7.49 0.57 0.51-0.62
7.6 0.47 0.41-0.53
High 3 7.7 0.42
7.9 0.37
8.1 0.31
Low 4 6.8 1.15 1.05-1.26
7.0 0.96 0.88-1.26
7.2 0.77 0.70-0.85
7.4 0.58 0.51-0.66
7.49 0.48 0.45-0.51
7.6 0.39 0.31-0.47
High 3 7.7 0.35
7.9 0.30
Hbs !(□ ) 
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Morph Prep. Pool*
3(a)
2&3
* Symbols as in Figure 3.
Values predicted from
regression analysis
pH
Range
n pH Log P50 95% Cl
8.1 0.26
Low 5 6.8 1.19 1.13-1.25
7.0 0.98 0.93-1.02
7.2 0.76 0.72-0.81
7.4 0.55 0.50-0.60
7.49 0.46 0.40-0.51
High 7 7.7 0.36 0.30-0.42
7.9 0.33 0.27-0.40
8.1 0.30 0.24-0.36
Low 8 6.8 1.18 1.13-1.23
7.0 0.97 0.94-1.01
7.2 0.77 0.74-0.80
7.4 0.57 0.54-0.60
7.6 0.37 0.33-0.41
High 10 7.7 0.35 0.31-0.40
7.9 .032 0.28-0.36
8.1 0.29 0.24-0.33
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Table B
Analysis of cooperativity estimates for pooled 
data (morphs A, B, and C) by ANOVA.
Morph Prep. pH range n P value
A RBCs Entire 12 0.213
Hbs Low 10 0.412
High 9 0.588
B Hbs Low 13 0.014*
High 18 0.367
C Hbs Low 13 0.107
High 14 0.644
* Significant
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